We assessed the magnitude of the errors in ionized-Calcium measurements resulting from changes in electrolyte composition for three different ion-selective electrodes: the Orion Model 93-20, the Radiometer F21 12, and the Simon neutral carrier membrane electrode. We attempted to distinguish between errorsarising from changes in calciumionactivity and thosedue to interferences in the electrode response. Variation in sodium ion concentration over the range 100-180 mmol/liter produces changes in The introduction of a calcium ion-selective membrane electrode by Ross (1) has prompted considerable interest in the measurement of ionized calcium in serum, plasma, and whole blood (2) (3) (4) . The term "ionized" denotes that fraction of the total calcium that is present as free Ca2+ and is thought to be of most physiological significance. Many of the instrumental problems associated with earlier electrode systems have been minimized in more recent analyzers (5) (6) (7) (8) , and ionized calcium determinations can now be performed routinely in clinical laboratories.
liquid junction potential of the reference electrode and S is a slope factor close to the theoretical 2.303 RT/2F. Essentially, the electrode potential is a logarithmic function of the activity of ionized calcium, but may be subject to interference from a series of ions of activity aj' charge n, and selectivity constant k. Variations in the electrolyte composition of serum may be expected to influence the electrode response as given by equation 1 in at least three different ways. Firstly, changes in serum ionic strength will change the activity of ionized calcium, aca, even though its concentration remains constant. Secondly, normal and abnormal variations in serum electrolytes will change the values of activities of interfering ions a; the values of the selectivity constants h may also be concentration dependent (9) . Finally, ionic strength changes may affect the value of the referenceelectrode'sliquid-junction potential, thereby changing E#{176}.
Because of the multiple equilibria that exist in blood serum betweencations and their complexes with proteins and nonprotein ligands (10) , it is a practical necessity to examine interference and activity effects in relatively simple aqueous solutions. Ladenson and Bowers (4) have followed this approach in their study of the Orion 99-20 electrode system. A change in sodium ion concentration by ±28 mmollliter from the normal 140 mmol/liter resulted in a ±2-3% change in apparent ionized calcium concentration. It was noted that activity effects would result in a change in apparent ionized calcium concentration in the opposite direction; nevertheless, there is a difference of 2 to 3% in the two effects and therefore a significant sodium interference for the electrode. Magnesium ion was found to have a small negative effect on the apparent ionized calcium concentration; potassium had no effect in the presence of physiological sodium concentrations. The effect of pH on the electrode was not tested, although Burr (11) has demonstrated a small change in electrode potential over the pH range 6-8. Madsen and Olgaard (6) evaluated the sodium, potassium, and magnesium interference effects on the Orion Model SS-20 calcium ion analyzer. Only sodium was found to have a significant effect; variation in sodium concentration from a normal 140 mmol/liter by ±40 mmol/liter resulted in a linear ±10% change in ionized calcium concentration.
Schwartz (8) has examined the response of a solidstate calcium-selective electrode to aqueous solutions and reported kNa 3.1 X 10 and kMg = 4.6 X 10-2; again, potassium had no effect in the presence of physiological sodium concentrations.
Mohan and Bates (12) have studied in detail the response of a recently developed neutral-carrier calcium electrode (13) in aqueous solutions approximating physiological electrolyte composition. They concluded that variations in electrode response could be accounted for almost entirely by activity effects; values of k for this electrode for physiologically predominant ions were negligibly small. They also measured the errors in apparent calcium ion concentration resulting from changes in liquid-junction potential with solution ionic strength for a saturated calomel reference electrode. Liquid-junction effects were in the opposite direction to activity effects, although the latter predominated.
Thus, decreasing the ionic strength results in an increase in apparent ionized calcium concentration which is smaller than that predicted by activity considerations alone. The values of k in equation 1 dictate the procedure used to calibrate the electrode. If the k values for physiologically important ions are negligibly small, two-point calibration to define E#{176} and S is possible by using solutions approximating serum in electrolyte composition (12) . If k is finite for one or more ions, variation of calcium ion concentration with a fixed concentration of interfering ion(s) should produce a nonlinear semilogarithmic calibration curve; a two-point calibration is satisfactory if the value of k is known reliably. Generally (4, 8) two-point calibration has been used without correction for the presence of interfering ions in the calibrating solutions, which contain physiological concentrations of NaC1, KC1, MgCl2, and CaC12; calibrating solutions have also been proposed (14) that do not contain magnesium ions and that presumably are only appropriate for use with electrodes where k is negligibly small.
We have examined interference and activity effects in aqueous solutions for three different contemporary calcium ion-selective electrodes: (a) Orion Model 93-20, (b) Radiometer Model F2112, and (c) the Simon neutral carrier electrode (13) . We emphasize that none of these electrodes is specifically recommended by the manufacturer for use in solutions of physiological composition. The procedure we have adopted was designed to duplicate the one generally followed in routine determination of serum ionized calcium, i.e., calibration of the electrode followed by measurement of an unknown sample. Our results provide an indication of the magnitude of the errors that can arise in the measurement of serum ionized calcium if activity and interference effects are neglected.
Materials and Methods

Reagents and Apparatus
Reagent grade CaC12, MgC12, NaC1, KC1, tris(hydroxymethyl)aminomethane (Tris), and nitric acid were used without further purification. of sodium chloride. The effects of magnesium and potassium ions were studied in solutions containing, per liter, 1 mmol of calcium and 140 mmol of sodium. Solutions for the pH studies contained, per liter, 1 mmol of calcium, 140 mmol of sodium, and 10 mmol of nitric acid; sufficient Tris wasadded to each solution to bring the pH to the required value. The composition of calibrating solutions and test solution used in the study of sodium, magnesium, and potassium interference effects is shown in Table 1 .
Treatment of Results
Experimental
results were treated in two separate ways. To obtain apparent ionized calcium concentrations in the test solutions, we fitted a quadratic equation through the calibration points:
Solution of this quadratic for measured values of E in the test solutions gave a value of log [Ca2+] from which [Ca2+] was obtained. The molar concentration so calculated was termed the "apparent" ionized calcium concentration, because it represented not simply the analytical concentration but included activity and interference effects.
The second approach to data treatment was intended to test compliance to equation 1. Values of E#{176}, and S and kN5 were obtained for the calibrating solutions, which contained only CaC12 and NaCl. For any three points on the calibration curve Values of k Na for test solutions containing fixed concentrations of calcium ion and different concentrations of sodium ion were obtained by the equation:
Valuesof k Mg and kK could in theory be obtained by an extension of equation 7, but in practice it was found easier to estimate these selectivity coefficients by comparison of experimental results and theoretical curves calculated as described below. where f = ac5 + kNa a2Na for calibrating solutions 1, 2, and 3. Activities of ions were calculated from activity coefficients (y) given by the extended Debye-Huckel Values for S and E#{176} were then calculated from the equations:
An "ideal" calibration curve equation was generated by fitting equation 2 through three values of Ec calcu-
where kNa was a known value and aca and aNa are the values given in Table 1 for the calibration solutions.
Values of E were then calculated for the test solutions given in Table 1 with use of known values of k:
Solution of the "ideal" calibration curve for values of (5) E gave a "theoretical" value of apparent ionized calcium concentration. Table 3 . Values of S remained reasonably constant during several weeks and were acceptably close to the theoretical 29.3 mV at 22 #{176}C. Values of kNa showed considerable scatter, the standard deviation for each electrode exceeding half the mean value. The uncertainty in k Na reflects the fact that k Naa 2Na in equation 1 is a small correction term, which cannot be determined precisely by the experimental procedure used here. In some cases the calibration curve data fitted an equation with kNa = 0; these values were not included in calculating the means.
Interference
by Sodium
Variation of the sodium ion concentration over the range 100-180 mmol/liter in the presence of a fixed calcium ion concentration of 1 mmol/liter resulted in changes in electrode potential of about 1 mV; representative results are shown in Table 4 . These electrode potential readings were converted to apparent ionized calcium concentrations through equation 2. The electrode potential obtained for the test solution containing 140 mmol/liter (Table 4) should be identical to that obtained during the electrode calibration where the calcium ion concentration was varied in the presence of a fixed sodium ion concentration. In general, small differences of a few tenths of a millivolt were obtained between electrode potentials measured with these two solutions. This electrode "offset" appeared to result from irreversible changes in the value of E#{176} when the electrode was exposed to solutions with various sodium ion concentrations.
Because the "offset" was comparable in magnitude to the change in electrode potential over the sodium concentration range studied, it interfered with interpretation of the relationship between apparent ionized calcium concentration and sodium thereforecorrected by a small constant addition to make them correspondto the potentials obtained during calibration of the electrode; this procedure forces the apparent ionized calcium concentration to be 1.00 mmol/liter at a sodium ion concentration of 140 mmol/liter. Although such a correction may seem arbitrary, it is the numerical equivalent of experimentally recalibrating the electrode to a fixed point after each measurement.
Aside from the need to correct for electrode offset, the total change in electrode potential over the sodium ion concentration range studied was only one order of magnitude greater than the precision of the potential measurement, ±0.1 mV. To compensate for random errors, we repeated each measurement four to six times and calculated the mean values for apparent ionized calcium concentration. Table 5 shows the mean values and standard deviations of apparent ionized calcium concentration at each sodium concentration studied. In Figure 2, Table 3 small, potentials for the test solutions were corrected numerically to make them consistent with the calibrating solutions. Theoretical lines in Figure 4 are a function of both k Na and k Mg as required by equation 1. Results obtained with the Radiometer electrode were scattered about the kMg = 0, kNa = 3 X 10 line; the Simon electrode results corresponded to k = 5 X 10 at kNa = 3 X 10-3. There was a marked positive effect of magnesium on apparent ionized calcium concentrations for the Orion electrode,corresponding to k rt = 2.2 X 102, with kNa = 7 X 10. This effect was in the same direction as, but somewhat greater in magnitude than, that reported by Madsen and Olgaard (6); Schwartz (8) has given an even larger value for kMg for the solid-state calcium electrode.
The normal mean value for serum ionized magnesium concentration is 0.8 mmol/liter (16) ; extreme abnormal clinical values are unlikely to range beyond 0.4 to 1.6 mmol/liter. The results shown in Figure 4 indicate that in the worst case, if magnesium is included in the calibrating solutions at a normal concentration, variation in serum magnesium over the abnormal range will introduce an error of not more than ± 1% in apparent ionized calcium concentration. Use of calibrating solutions not containing magnesium (14) with the Orion electrode would introduce errors of 1-3% in apparent ionized calcium concentration.
Interference by Potassium
Changes in potassium ion concentration had little effect on apparent ionized calcium concentration in solutions containing, per liter, 1 mmol of calcium and 140 mmol of sodium. (Table 5 ) was also about 2%, and it is probable that the observed deviation for the Orion electrode is not significant.
Variation of potassium ion concentration in the range 0-10 mmol/liter has little effect on ionic strength in the presence of 140 mmol of sodium per liter, so the change in calcium ion activity is expected to be small. The potassium ion selectivity constant, h K, may reasonably be expected to be of the same order of magnitude as kNa. Again, increasing the potassium concentration from 0 to 10 mmol/liter increases any interference effect by less than 10%. The experimental results and theoretical predictions for all three electrodes are in agreement with previous observations (4, 6, 8) that variations in potassium concentration have a negligible effect on ionized calcium measurements. electrode pre -treatment.
The accuracy of the Radiometer electrode in ionized calcium measurements is unaffected by sample pH, and that of the Simon electrode only slightly. The Orion electrode is subject to a measurable pH effect in the physiological range, which suggests that samples and standards should be at the same pH if results are to be accurate. various pH values were corrected to make them consistent with the calibration. Each of the electrodes studied showed some pH response, the effect being largest for the Orion electrode and smallest for the Radiometer.
Within the physiological range pH 6.8-7.8, the effect on the Radiometer and Simon electrodes is small and comparable to the experimental error of the measurement. The pH effect on the Orion electrode was more clearly defined and corresponded to a ±5% change in apparent ionized calcium concentration over the pH range 6.8 to 7.8. These effects are attributable to the electrode response only; no ligands forming pH-dependent calcium complexes were present in the solutions. The observation that the calcium ion-selective electrode itself has a pH response would seem of importance in recent discussions of the relative merits of aerobic and anaerobic samples for ionized calcium measurements (17) .
The significance of the results presented above must be assessed in the light of the clinical applications of ionized calcium measurements. Probably there is now no consensus as to the required accuracy for the measurement. Our results indicate that the only serious electrolyte effects on the accuracy of ionized calcium measurements result from variations in sample sodium concentration and pH. For the Radiometer and Simon electrodes, changes in activity coefficients account for the sodium effect. Thus measured values of ionized calcium can be reported on a concentration scale from a knowledge of the sample sodium concentration and ionic strength. The sample ionic strength can probably be estimated with adequate accuracy simply from information on the sodium concentration.
The Orion 93-20 electrode is subject to interference from sodium ions at physiological concentrations. Additional correction for this effect in addition to activity effects requires a knowledge of kNa. Such a correction may be approximate at best, as the value of kNa varies with 
